Energy-and angle-resolved photoionization spectra of He irradiated by linearly polarized intense 810 nm laser radiation and several of its XUV odd harmonics are investigated. The angular distribution of the odd-order peaks, produced by single-photon ionization by one harmonic, is, surprisingly, broadened by the IR field. The even-order ones, due to two-colour, two-photon ionization, show at 90
The physics of strong-field interaction in multicolour ionization of helium is of fundamental and applied interests. In the simultaneous presence of a comb of odd harmonics and of the fundamental radiation, the photoelectron spectrum displays a set of lines (termed 'sidebands') resulting from the absorption of one harmonic photon and of the exchange of one (or several) laser photon(s). These lines, associated with above-threshold ionization (ATI), come in addition to the ones (termed 'harmonics') that result from the absorption of a single harmonic photon. As the associated final state of the photoelectron can be reached through several interfering quantum paths, the magnitudes of the peaks depend on the relative phases of the transition amplitudes associated to each path. Moreover, photoionization of atoms under such conditions is relevant to the temporal characterization of attosecond pulses [1] [2] [3] [4] . This is achieved by monitoring the heights of the sidebands as a function of the time delay between the laser pulse and its harmonics. Then, by comparing with numerical simulations performed for the atomic system considered, one can retrieve the corresponding phases and eventually reconstruct the time dependence of the 'attosecond' bursts of radiation produced in the harmonic generation process [5, 7] . The above-mentioned studies are based on angle-integrated photoelectron spectra. Here, we argue that recording the angular distributions of selected photoelectron lines can bring additional and useful information on the dynamics of IR/XUV atomic photoionization and, ultimately, on the phase properties of the fields. We mention that similar studies have recently been performed in argon [15] , using a velocity imaging device [16] .
In the past, extensive studies of angular distributions in multiphoton ATI ionization have been carried out both in the perturbative [17] and strong field [18] limits. The present study differs from those ones by the simultaneous presence of several frequencies. We also mention that all ATI transitions are easily saturated by moderate IR intensities (10 11 -10 12 W cm −2 ). A consequence is that although the lines in the photoelectron energy spectra can be classified in harmonics and sidebands, the IR radiation couples and mixes all the final states through the exchange of an undefinite number of IR photons. This mixing has interesting consequences on the angular distributions which become sensitive to the respective phases of the fields.
In this letter, we report both calculations and preliminary measurements of the photoelectron angular distributions (AD) from helium atoms exposed simultaneously to high harmonics (orders 17-25, hereafter denoted by H17-H25) and fundamental (810 nm) femtosecond pulses, using a toroidal electron analyser. The calculation is based on a numerical resolution of the time-dependent Schrödinger equation (TDSE) on a spatio-temporal grid for a single-active electron model He atom. In particular, we predict and observe non-intuitive deformations of the angular distributions of the 'harmonic' peaks H17-H23, in the presence of the IR field. On the other hand, the analysis of the sideband peaks angular distributions (hereafter denoted by SB18-SB24) is shown theoretically to change significantly as a function of the XUV/IR relative phase. The latter property could provide a convenient tool to determine the phase differences between consecutive harmonics. Figure 1 shows the scheme of the experiment. A Ti: Sapphire laser, of the Laboratoire d'Optique Appliquée (LOA) facility, delivering 30 fs, 8 mJ pulses at a 1 kHz repetition rate is focused onto an argon gas cell located inside a first vacuum chamber where it generates high harmonics in the XUV range. Then both the IR and XUV photon beams, with parallel linear polarizations, are focused into a second chamber by means of a toroidal mirror. These photons then interact with the helium gas beam located on the axis of the spectrometer. A filter can be used to suppress both the IR and the low order harmonics, letting only a train of harmonics from about H13 to H27 to reach the second chamber. When the filter is removed, the IR intensity is in the range of 10 11 -10 12 W cm −2 after focusing within the spectrometer. With the present arrangement, the IR and XUV photons have both spatial and temporal coherence in the interaction region with helium.
The spectrometer used in this work has been described previously [19] , in the context of synchrotron experiments. It relies mainly on a toroidal analyser which can select and detect electrons emitted in the horizontal plane, containing the photon beam and the axis of polarization. These electrons are imaged onto a position sensitive detector (PSD) at the bottom of the analyser, enabling to get angular distributions simultaneously for all angles between −90
• and 90
• , with respect to the polarization. The toroidal analyser can also be used in the spectroscopy mode by integrating the signal over the PSD and scanning the kinetic energy. The energy resolution was chosen to be 300 meV, allowing to resolve the harmonic and sideband peaks (figure 2).
Regarding theory, it is known that the phases of the complex transition amplitudes associated to ATI depend in an intricate way on both the photoelectron energy and on the atomic system considered. Although they can be computed with precision in hydrogen [20] [21] [22] , their calculation in other atomic systems remains a challenge for theory, even in the perturbative limit [23] . Moreover, the free-free transitions, that are part of any ATI process, are easily saturated. It follows that standard lowest-order perturbation theory is not well adapted to the description of the situation at hand. For this reason, we have numerically solved the TDSE for a (3D) single-active electron model He atom. We have followed the lines of [2, 21] for the time propagation as well as for the angle-integrated spectra. We mention that the angular distributions are deduced from the flux of the photoelectron probability density within a given energy bin, through a surface element located far enough from the nucleus. Details of the technique will be published elsewhere.
The calculations have been carried out for infrared and harmonic intensities chosen to match the experimental conditions. In particular, the harmonic intensities have been determined by fitting the experimental angle-integrated photoelectron spectra with the XUV radiations alone. Regarding the phases of H19-H23, we have assumed that they were equal, in agreement with the recent findings by Mairesse et al [7] . Typical spectra obtained with the toroidal analyser are reported in figure 2, in the 2-9 eV kinetic energy range. When only XUV light is present (see the thin line), harmonics H19 (29.1 eV) and H21 (32.1 eV) produce photoelectron peaks at 4.4 and 7.5 eV, respectively, as the helium ionization potential is I p ≈ 24.6 eV. When only IR photons are present (by suppressing the argon gas in the HHG cell), no electron signal is observed, demonstrating that the infrared intensity was below the threshold for ATI process with IR photons on helium. Therefore the measurements presented below are purely due to XUV or XUV+IR photons.
When both photon beams are admitted into the spectrometer, the sideband peaks appear. Their amplitude and angular properties depend on the IR intensity which is therefore an important experimental parameter. While it is easy to measure the energy of the IR beam after the chamber, the beam waist is much more delicate to determine for two reasons: (i) the toroidal mirror images the harmonic source onto the target jet inside the spectrometer. However, the IR laser might be focused well before the Ar jet for optimizing the phase matching of the harmonics. Therefore, its image in the toroidal mirror would be displaced by the same amount. (ii) The quality of the focusing by the toroidal mirror depends critically on its positioning which is difficult to control in the chamber. From these arguments together with the measurement of the flux after the chamber, the peak intensity can be estimated to be in the range 10 12 -10 13 W cm −2 . Another information is provided by the ponderomotive shift of the spectra. The highest measured value of 160 meV yields a value of 2.4 × 10 12 W cm −2 . However, the best fit with the simulations for both the angular distributions and the angle-integrated spectra is obtained for intensities about one order of magnitude lower. As mentioned above, we attribute this discrepancy either to a poor focusing of the toroidal mirror or to a poor overlap between the XUV and the IR beams.
It is well known that photoelectrons from one-photon single ionization of helium have a cos 2 θ angular distribution with respect to the polarization axis. This property has been used to calibrate the apparatus and to derive its angular response, using photoelectrons produced by the train of harmonics, when the infrared light is removed by the filter. As a consistency check, figure 3 (a) displays a few independent measurements of the peak labelled H19 in figure 2, compared to the cos 2 θ distribution (dotted curve) and after angular correction. In the following, all experimental angular distributions are corrected according to the response of the analyser.
One might think that the angular distributions of the peaks labelled H(2n + 1) should become more peaked along the polarization axis when the strong IR field with a parallel polarization is superposed to the XUV field. This has been observed in strong field ATI ionization, in the absence of the XUV field [17] . This intuitive picture is based on both the classical motion of a free electron accelerated by the IR field and on the fact that higher angular momenta are populated in the multiphoton regime. Here however, the results obtained from both the simulations and the experiment exhibit a significant broadening of the distributions. Figure 3 (b) exemplifies such a broadening for H19. Further, the simulations indicate that as the IR intensity increases, not only these peaks broaden but also a dip at θ = 0
• (and θ = 180 • ) does appear. Such a behaviour may be ascribed to the admixture of three-photon interfering paths including one XUV photon and two IR photons that lead to the same final state.
The angular distribution of the sidebands is much different. The one labelled SB20 is shown in figure 4(a) . In a lowest-order perturbative approach, it can be reached either from the absorption of H19 and of one IR photon or from the absorption of H21 and the stimulated emission of one IR photon. It exhibits a narrower angular distribution, and therefore appears to be more strongly peaked along the direction of linear polarization at θ = 0
• . Globally, there is a very good agreement between the experimental results and the simulations.
In the present experiment the time delay between the XUV and IR pulses is expected to be very small, as the two beams follow the same optical path. Accordingly, a zero time delay has been used in the calculations. But it is known that the amplitudes of all the peaks are sinusoidally modulated when this time delay is scanned [2, 3] . Interestingly, for delays such that the amplitude of SB20 is minimum (corresponding to a destructive interference between the quantum paths leading to this final state), extra lobes appear at −90
• in our calculations, see figure 4 (b). The presence of these lobes could be used to determine precisely the IR/XUV time delay for which the total phase difference is π . Since the lobes appear within a very small range of delays (around 80 as, i.e. 3% of a laser cycle), they might serve as a signature of the destructive interference in a more effective way than by looking for the actual minimum of the peak amplitude. Practically, the delay would be first scanned rapidly to locate the vicinity of a minimum. Then the angular distribution would be monitored until the appearance of the lobes. An obvious drawback of the method is that the AD should be recorded on a very small signal.
In conclusion, this work reports on theoretical and experimental investigations of the angular distributions in multicolour-multiphoton ATI transitions in helium, when irradiated simultaneously by a strong linearly polarized IR field at 810 nm and its odd harmonics of orders 17 to 25. The infrared intensity is in the range 10 11 to 10 12 W cm −2 . The main results are the dependence on the IR intensity of the 'single' photon ionization peak which counter intuitively become less peaked when the IR field becomes more intense. Even so, we predict a destructive interference between the single-photon and the three-photon quantum paths leading to a local minimum in the direction of polarization at higher IR intensities. Theory also predicts qualitative changes of the 'two-photon' AD when the quantum paths leading to the same final state interfere destructively. This change is proposed as a signature of this destructive interference and as a method to obtain the phase difference between the harmonic pairs required to characterize the attosecond pulse train. When available, experimental preliminary results support the theoretical prediction, especially for the broadening of the single-photon AD. Future measurements involve a scan of the delay and possibly a detection of the lobes as well as a better control over the IR intensity. Angular distributions of multiphoton ATI carry more information than the angle-integrated yields. In the perspective of the spectral characterization of single attosecond pulses [11] for which the single-and the two-photon peaks are not resolved energetically, they should allow us to distinguish between the harmonics and sideband peaks at 90
• from the polarization. They indeed appear to be a very sensitive test of quantum paths interferences.
